In this study, we investigated the impact of surface roughness on the sensitivity of conventional and nanowire-based surface plasmon resonance (SPR) biosensors. The theoretical research was conducted using rigorous coupled-wave analysis with Gaussian surface profiles of gold films determined by atomic force microscopy. The results suggest that, when surface roughness ranges 1 nm, the sensitivity of a conventional SPR system is not significantly affected regardless of the correlation length. For a nanowire-based SPR biosensor, however, we found that the sensitivity degrades substantially with a decreasing correlation length. Particularly, at a correlation length smaller than 100 nm, random rough surface may induce destructive coupling between excited localized surface plasmons, which can lead to prominent reduction of sensitivity enhancement.
INTRODUCTION
Recently, localized surface plasmons (LSPs) have drawn tremendous interests for surface plasmon resonance (SPR) signal amplification. 1 As metallic nanostructures are illuminated, incident photons are coupled into surface plasmon (SP) modes localized in the nanostructures. LSPs typically involve a large number of modes and momentum matching usually achieved at higher momentum than bulk SP modes. Excited LSP modes can induce resonant field enhancements through strong absorption and highly efficient light scattering. Modified SPR biosensing systems that consist of non-interacting or interacting metallic nanostructures have been proposed for various sensing applications. 2, 3, 4, 5 Experimental results show that LSPR biosensors amplify the detected shift of resonance angle or wavelength and thus lead to an improvement of sensitivity by more than ten-fold compared to a conventional SPR biosensor without metallic nanostructures. In the previous studies, we investigated the effects of gold nanowires numerically to design a SPR biosensor with extremely high sensitivity using regularly patterned one-dimensional nanowires. 6, 7, 8, 9 Despite fundamental restraints imposed by surface plasmon polariton (SPP)-LSP interactions, resonantly excited LSP modes from gold nanowires and optical coupling between the LSP modes can dramatically increase local resonant fields. The results found that local field enhancement significantly affects the sensor performance and has positive correlation with the sensitivity. An assumption inherent in these studies is that the surface of thin films and nanowires is perfectly flat. In practice, however, the surface roughness always exists on a substrate and thin films, which may affect the properties of the excited LSP modes substantially. In this work, we focus on the effect of roughness on the sensitivity of a nanowire-based SPR sensor. Since the size of metallic nanostructures introduced to excite LSPs is generally in the range of a few tens of nanometers, the resonant field enhancement can be substantially influenced by small changes in a surface profile. As a result, SPR biosensors with nanowires may suffer from degraded sensitivity. More specifically, we investigate the impact of the surface fluctuation on the sensitivity of LSP resonance (LSPR)-based biosensor by modeling metallic nanowires on a rough surface as the sum of periodic rectangular gratings and one-dimensional Gaussian random surfaces. The random surface with Gaussian statistics is a fundamental model with two independent parameters: the surface roughness, which for clarification is quantitatively defined as the root-mean-square (rms) surface height deviation from a mean plane, and the correlation length (CL) of the surface profile. In this study, these parameters have been determined experimentally by atomic force microscopy (AFM) measurements of thin gold films deposited on a generic glass substrate. Furthermore, we explore two cases: (i) a gold surface with flat or Gaussian random profiles for a conventional SPR structure, and (ii) periodic gold nanowires superposed on a flat or random Gaussian gold surface for a nanowire- To measure the effect of the surface fluctuation on the sensitivity, we define target analytes as a self-assembled monolayer (SAM), which covers both gold nanowires and a gold film. While the study is conducted on a SPR sensor structure that employs one-dimensional nanowires to excite LSPs, the results can be equally valid to interpret more complicated nanostructures.
NUMERICAL MODEL
To extract parameters of a metal surface employed in a SPR biosensor, we measured surface profiles of a thin gold film deposited on a slide glass using an AFM. A 40 nm thick gold film was thermally evaporated on a BK7 glass substrate after a 2 nm chrome layer was applied to increase the adhesion of gold to slide glass. Three of the fabricated samples have been prepared for AFM measurements. AFM images have been acquired with a scanning length of 5 um. The probability density function of surface height data measured of a sample and its autocorrelation function are compared with Gaussian fit functions of Eq. (1) and (2), (1) (2) where σ is the surface roughness, l is the length between x 1 and x 2 , and τ is the correlation length. The height distribution and its Gaussian fit are well-matched for all three samples, and thus, they successfully satisfy Gaussian random surfaces. Table 1 summarizes the measured rms roughness values and 1/e CLs for the three samples. Note that correlation functions of the random surfaces exhibit notable deviations, though their numerical fits are nearly Gaussian distributions. This discrepancy of the CLs is presumably associated with the surface condition of glass substrates as well as the specific metal deposition process. Based on Table 1 , a range of values have been considered for the CL, when modeling random Gaussian surfaces. An additional layer of binding analytes coated on a randomly corrugated gold surface has been modeled as a 3 nm thick SAM with refractive index n SAM = 1.52643 and is assumed to replicate the gold surface profile under the SAM. Similarly, nanowire arrays modeled with random rough surfaces are shown in Fig. 3 . The solid and dotted lines represent rectangular nanowire gratings deposited on the gold film with a Gaussian random statistic and 3 nm thick binding analytes, respectively. The binding layer covers both surfaces of the thin film and nanowires. At each CL, the surface profile of the thin film baseline is assumed to be identical to that of Fig. 2 . The nanowire depth and the period (Λ) are fixed at 20 nm and 200 nm, respectively, with a fill factor f = 0.5. Once the surface profiles are designed, rigorous coupled-wave analysis (RCWA) has been used to calculate the sensitivity of SPR biosensors and to study the impact of the surface fluctuation on the sensitivity enhancement in a nanowire-based SPR biosensor. 10, 11 RCWA has been successfully applied to obtaining optical characteristics of various nanostructures and explaining the measurements that involve nanostructures.
12,13,14,15 TM-polarized illumination with λ = 633 nm is assumed to be incident on a metal-dielectric interface at an angle θ. The dielectric functions (n, k) of a glass substrate, chrome, and gold are respectively given as (1.515, 0), (3.48, 4.36), and (0.18, 3.0) at λ = 633 nm. 16 The RCWA in analyzing dielectric surface-relief gratings may be extended to the metallic gratings with arbitrary complex permittivities, and also with an arbitrary profile. 17, 18 For a grating with an arbitrary shape, the grating may be divided into a large number of thin rectangular-shaped layers parallel to the surface as shown in Fig. 4 , and each thin layer grating is analyzed using the state variable method. By applying the boundary conditions to boundaries of each thin layer, it is possible to obtain the diffracted wave amplitudes. Because rectangular profiles can be treated as a single layer structure, the calculations are relatively simple. Note that since the field is more rapidly varying in short distances of a nanostructure with a size smaller than 100 nm, more space-harmonic components are needed to attain the convergence and to improve the accuracy in calculation. Figure 5 presents that the resonance angles of SPR structures with rough surfaces in Fig. 2-(a) converge into saturation values as the diffraction order (the number of space-harmonic components) is increased. 
NUMERICAL RESULTS
To evaluate the performance on a quantitative basis, a sensitivity enhancement factor (SEF) has been defined as
where ∆θ SPR_REF represents the plasmon resonance angle difference induced by the presence of binding analytes for a flat gold surface without nanowires. ∆θ SPR is the resonance angle difference calculated for the surface under test: for instance, flat surface without nanowires or rough, i.e. Gaussian random surface for conventional or nanowire-based SPR structures. SEF has been first calculated for the surface profiles of gold films in Fig. 1 modulated by random rough surfaces at four different CLs. Firstly, we consider the influence of the Gaussian random surface on the sensitivity of a conventional SPR configuration, as shown in Fig. 1-(a) . For the ideal flat surface, resonance angles with and without binding analytes are respectively 45.65° and 45.13°: thus the resonance shift (∆θ SPR_REF ) in Eq. (3) is 0.52°. When the gold film takes a Gaussian profile at CL = 50 nm, the SPR angles increase to 45.90° with analytes and 45.35° without analytes: the shift then is 0.55°. Table 2 summarizes SPR characteristics of Gaussian surfaces with varying CLs that range from 50 nm to 500 nm. It shows that resonance angles (θ SPR ) as well as the resonance angle shift (∆θ SPR ) demonstrate a minor increment as CL decreases. It is interesting to note that, for CL < 200 nm, the sensitivity of a rough surface with a Gaussian random profile becomes slightly larger than that of a flat gold surface, while it is easy to wrongly presume that the introduction of roughness should degrade the sensitivity monotonically regardless of the nature of the roughness. This behavior is due to the optical coupling between excited SPPs and incident photons that creates strong electromagnetic fields on the rough metal surface. 19 By comparison, it has been observed that the performance of a conventional SPR structure is affected very little when the film roughness σ is as small as 1 nm. In this case, the effect of surface fluctuation on the sensitivity is practically limited and insignificant irrespective of the CL, since the excited SPs propagating along the metal surface are still dominant and less interfered by rough surfaces. Secondly, we are interested in the impact of roughness on a nanowire-based SPR configuration in terms of the sensitivity as CLs of a Gaussian random surface are varied. In a nanowire-based SPR biosensor, shown in Fig. 1-(b) , onedimensional rectangular nanowires are used to induce excitation of LSP modes. Compared to a conventional SPR structure, the presence of nanostructures near the metal surface creates a large disturbance of dispersion relation of SPP modes. In particular, when the LSP resonance condition is satisfied, propagating SPP modes are highly damped while the local fields are considerably enhanced, which consequently leads to improved sensitivity. Gold nanowire arrays fabricated on a flat gold surface with Λ = 200 nm and f = 0.5 shift the resonance angle θ SPR by 0.95°, which results in SEF = 1.83. This SEF value can be further improved as the nanowire period decreases to smaller than 200 nm. The existence of surface roughness may deteriorate the sensitivity of a nanowire-based SPR biosensor. For the Gaussian random surface with CL = 50 nm, ∆θ SPR = 0.57°, i.e. SEF = 1.10. Table 3 lists the calculation results regarding the sensitivity enhancement at different CLs. The SEF is reduced in general with a decreasing CL. For CL < 100 nm, SEF drops significantly, which demonstrates that the excitation of LSP modes induced by periodic nanowires is disrupted by the rough surface. With a decrease in the CL, we observe less enhanced sensitivity compared to flat nanowires, which in effect is equivalent to a rough surface with an infinite CL. When the CL approaches zero, the correlation present in the surface profile disappears more quickly and a completely random profile emerges within given surface randomness. As an aperiodic component of the surface becomes prominent, it suppresses excited LSP modes due to the interference between highly random surfaces and periodic nanowire arrays. Our results suggests that larger than 30 % sensitivity degradation may be introduced by extremely rough surfaces.
In terms of actual implementation of a LSPR-based biosensor, the use of nanowires regularly patterned on a thin metal film yields a structure that can provide highly improved efficiency with reproducible performance. This study suggests the need of considering the surface parameters of a metal film and their effects on the sensitivity, since the sensitivity that can be achieved in a nanowire-based SPR biosensor can be compromised depending on the surface quality.
CONCLUSIONS
We considered the effect of surface roughness on the sensitivity of a SPR biosensor. Our calculation results showed that for a conventional SPR configuration, the surface roughness has a limited influence on the sensitivity enhancement regardless of the CL, since the roughness of 1 nm is sufficiently small and thus the excitation of propagating SPs is still dominant. We also investigated a nanowire-based SPR configuration in which LSPs are mainly at work to improve the sensitivity. Contrary to a conventional scheme, surface roughness as small as 1 nm showed a substantial effect on the sensitivity while its enhancement deteriorated by more than 30 % at a short CL < 100 nm. As the excited localized plasmons on a flat surface are interacting positively with neighbors in short distances, the presence of surface fluctuation causes disordered coupling between nanowires and consequently discourages the enhancement of the sensitivity. Finally, it is highly recommended that the surface roughness be taken into consideration when designing and fabricating a SPR biosensor for desired sensitivity performance.
